The crystal structure of quinolinic acid (pyridine-2,3-dicarboxylic acid: CTHsNO4) has been refined, based upon neutron diffraction data measured at 100 K. Crystal data: space group P2ffc; a = 7.415 (5), b --12.396 (9), c = 7.826 (6) .A, fl = 117.05 (4) °, Z = 4. The final unweighted R value based on F 2 is 0.048 for all 1643 unique reflections, and bond distances have been determined with precision better than 0-003 ,/~. The major temperature dependence in the cell constants is observed for the b axis, which is perpendicular to the molecular planes. Rigid-body analyses of the thermal parameters determined here at 100 K and those found in a prior study at 297 K indicate that the translational motion changes with temperature more along the b axis than in other directions. Significant differences between the structure at 100 and 297 K are observed in the intramolecular O... H...O hydrogen bond, where the H atom shifts towards the midpoint of the bond when the crystal is cooled. This temperature effect is discussed in the light of results of the rigid-body thermalmotion analyses.
Introduction
The general features of the crystal structure of quinolinic acid with a very short asymmetric inl:ramolecular hydrogen bond have been elucidated from Xray photographic data by Takusagawa, Hirotsu & Shimada (1973) . Positions of the H atoms, including that in the short hydrogen bond, O... O 2.398 (3) ,/k, have been confirmed by neutron diffraction techniques at room temperature by Kvick, Koetzle, Thomas & Takusagawa (1974) . We have now refined the structure and determined accurate atomic positions and thermal parameters from single-crystal neutron diffraction data measured at 100 K. This work has been undertaken as part of a study of the charge-density distribution in quinolinic acid by combined X-ray and neutron diffraction techniques.
Data collection
helium refrigerators and mounted on an automated four-circle diffractometer (Dimmler, Greenlaw, Kelley, Potter, Rankowitz & Stubblefield, 1976; McMullan, Andrews, Koetzle, Reidinger, Thomas & Williams, 1976) at the Brookhaven High Flux Beam Reactor, with a crystal-monochromated neutron beam of wavelength 1.047 /k (based upon KBr, a = 6.600 A). The temperature of the sample during data collection was 100 + 1 K. Cell dimensions refined by a least-squares procedure based on setting angles of 29 reflections are listed in Table 1 . Intensities were measured for -t Air Products and Chemicals, Inc. DISPLEX ~ Model CS-202. P2,/e 1.247 cm-i 1.227 cm-i * Unit-cell parameters determined from X-ray powder diffraction data (Kvick et al., 1974) .
"~ Mass absorption coefficients of C, N and O were obtained from International Tables for X-ray Crystallography (1962) . For H, 23.9 cm 2 g-~ was used for the effective mass absorption coefficient due to incoherent scattering, corresponding to an incoherent cross-section of 40 barn.
reflections in four octants of reciprocal space (hkl, hkl, hk/, hk/), of which the hkl and hkl octants were not complete, with 20 < 90 °, employing a 0/20 step-scan technique. The scan range was varied according to A20 = 1.596(1.0 + 4.785 tan 0) ° for the high-angle data (50 ° < 20 _< 90 °) and A20 = 4.5 ° for the low-angle data, and the step size was adjusted to give approximately 60 steps in each scan. As a general check on experimental stability, the intensities of two standard reflections were remeasured every 100 reflections. These did not vary to any significant degree during the entire period of data collection.
Data reduction and refinements
Background corrections were made by the program PEAK (Takusagawa, 1977) written for a PDP-11/40 computer with interactive graphics display (Bernstein et al., 1974; Vector General, Inc., 1973) . Initially, a linear background function was fitted by least-squares calculations to the fiat portion of each profile. Reflections with weak net intensity or unusual backgrounds were displayed and the most suitable background corrections estimated manually. Absorption corrections for observed intensities were made by a semi-empirical method (North, Phillips & Mathews, 1968 ) based on ~,-scan intensity data for several reflections.* The standard deviation of each reflection was estimated as follows:
o'2(1) = T + B + [0.025(T-B)I 2 + (0.025B) 2, where T and B are total and background counts, respectively, and the factor 0.025 represents an estimate of non-statistical errors. Squared observed structure factors were obtained as F 2 = I sin 20 and averaged for symmetry-related reflections. The agreement factor obtained on averaging is
The atomic coordinates from the neutron diffraction study of Kvick et al. (1974) were used as initial values for a full-matrix least-squares refinement minimizing E w(F 2 2 2 2 --k F c) and using FLINUS, a local version of ORFLS (Busing, Martin & Levy, 1962) . Weights were chosen as w = 1/oa(Fo z) = 1/[42(I) sin 2 201. A scale factor, k, the coherent neutron scattering length of nitrogen and a Zachariasen isotropic extinction parameter, g (Zachariasen, 1967) , were varied together with positional and anisotropic thermal parameters for all atoms. The extinction correction, applied to F~, is given by
where T is the effective mean path length approximated from the calculated absorption A, by T _~ -hA/It, and V = VV23. The smallest y value was calculated to be 0.84 for the reflection 040, and the value of g is 0.041 x 10 -4. Finally a correction was applied for the effects of a small number of neutrons in the incident beam with wavelength M2, by means of a least-squares procedure, minimizing
* A semi-empirical absorption correction was employed, because the sample was irregular in shape. An attempt was made to describe the crystal by eight rational boundary planes, and analytical absorption corrections were calculated based on this description. Refinements based on the analytically corrected data gave results which agreed to within experimental error with those based on the empirical correction which are reported here. Table 2 .
Experimental and refinement parameters
The value of k' obtained is 0.0023 (4). The data collection and structure refinement procedures are summarized in Table 2 . Final positional parameters for Table 3 . Atomic coordinates of quinolinic acid at 100 K N(1) Crystal weight 0.0127 g C(2) Crystal volume (room temperature) 7.53 mm 3 N umber of faces 8 C (3) Number of reflections measured 2950 C(4) Number of independent reflections 1643 C(5) Number of reflections with Fo z > 3a(F~) 1315 C(6) 2 2 2 C(7) all atoms are listed in Table 3 .* Neutron scattering lengths used are b c = 0.665 x 10 -12 (Bacon, 1972) , bn=-0.374 x 10-1Z, bo = 0.580 x 10-~2 (Shull, 1972) , b N = 0.941 (5) x 10 -~2 cm. This value orb N is slightly larger than those obtained in a number of recent structure refinements (Kvick et al., 1974) , where values ranged from 0.904 (6) to 0.931 (3) x 10 -~2 cm.
Discussion
The crystal structure has been discussed in detail in earlier papers (Takusagawa et al., 1973; Kvick et al., 1974) . The discussion here will mainly be restricted to those aspects of the structure which are observed to change when the temperature of the crystal is lowered. The molecular structure of quinolinic acid in the crystalline state determined by neutron diffraction at 100 and 297 K is illustrated in Fig. 1 (Johnson, 1976) , and bond distances and angles found at 100 K are shown in Fig. 2 . Differences in bond distances and angles determined at 297 and 100 K are presented in Fig. 3 . The difference thermal ellipsoids are illustrated in Fig. 4 and results of rigid-body thermal-motion analyses are summarized in Table 4 .
Unit-cell dimensions determined at 100 K are compared in Table 1 with those found at room temperature. The major change is observed in the crystallographic b axis, which is perpendicular to the molecular planes. There is no hydrogen bond between these molecular sheets as has been noted earlier (Takusagawa et al., 1973; Kvick et al., 1974) . The sheets interact only by means of van der Waals forces. Rigid-body thermal-motion analyses carried out by the method of Schomaker & Trueblood (1968) ~~3 04"01 h~ 2~ calculations are listed in Table 4 . The T and L values calculated based on fl/s(Diff) are in good agreement with the difference between corresponding tensor components calculated at 297 and 100 K. The difference thermal motions in Fig. 4 are quite reasonable for all atoms except H(5), which is involved in the short O... H...O hydrogen bond. The motion of this atom will be discussed below.
The observed differences in bond distances, shown in Fig. 3 , are quite reasonable in the light of the temperature effects except for the short hydrogen bond. Bond distances corrected for effects of rigid-body libration (Schomaker & Trueblood, 1968) are given in Table 5 . No significant change with temperature is found in bond angles. Displacements from the leastsquares plane through the six non-hydrogen atoms of the pyridine ring are shown in Fig. 5 , along with the changes in these displacements between 297 and 100 K. Significant changes are observed in the carboxyl groups and in H(4), which are involved in hydrogen bonding.
In In the intramolecular hydt:ogen bond, the distances O(2)--H(5) and O(3)--H(5) are significantly changed in comparison with the corresponding values at 297 K. At 100 K, the hydrogen atom H(5) moves closer to the midpoint between 0(2) and 0(3). The rigid-body thermal-motion analyses of the carboxyl groups at 297 K show that very large librations are observed around the bond C(2)-C(7) and C(3)-C(8). At 100 K, these librations are greatly reduced, but are still larger than those about other axes, as shown in Table 4 * Kvick et al. (1974) . monic contributions at 297 K, and cannot properly be approximated as an ellipsoid. Anharmonicity of the potential energy surface governing H(5) could explain the displacement in its refined position toward the midpoint of the hydrogen bond when the crystal is cooled. The O(2)...O(3)distances determined at 100 and 297 K are nearly identical [2.400 (2) vs 2.398 (3) A]. However, if these distances are corrected for effects of thermal motion, assuming that the carboxyl group torsional motions are exactly out of phase, the corrected distances are 2.433 A at 100 K and 2.466 A at 297 K. These latter values should be regarded as upper bounds to the true distances (r0).
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